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Abstract
To effectively balance investment in predator defenses versus other traits, organisms must accurately assess predation risk.
Chemical cues caused by predation events are indicators of risk for prey in a wide variety of systems, but the relationship
between how prey perceive risk in relation to the amount of prey consumed by predators is poorly understood. While per
capita predation rate is often used as the metric of relative risk, studies aimed at quantifying predator-induced defenses
commonly control biomass of prey consumed as the metric of risk. However, biomass consumed can change by altering
either the number or size of prey consumed. In this study we determine whether phenotypic plasticity to predator chemical
cues depends upon prey biomass consumed, prey number consumed, or both. We examine the growth response of red-
eyed treefrog tadpoles (Agalychnis callidryas) to cues from a larval dragonfly (Anax amazili). Biomass consumed was
manipulated by either increasing the number of prey while holding individual prey size constant, or by holding the number
of prey constant and varying individual prey size. We address two questions. (i) Do prey reduce growth rate in response to
chemical cues in a dose dependent manner? (ii) Does the magnitude of the response depend on whether prey consumption
increases via number or size of prey? We find that the phenotypic response of prey is an asymptotic function of prey
biomass consumed. However, the asymptotic response is higher when more prey are consumed. Our findings have
important implications for evaluating past studies and how future experiments should be designed. A stronger response to
predation cues generated by more individual prey deaths is consistent with models that predict prey sensitivity to per
capita risk, providing a more direct link between empirical and theoretical studies which are often focused on changes in
population sizes not individual biomass.
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Introduction
The nonlethal effects of predators on prey phenotype and
performance can affect prey fitness [1,2], the outcome of predator-
prey interactions, and influence the long term properties of
communities [3,4]. Over the past two decades a growing body of
literature has revealed the importance of predator-induced
changes in prey traits and their influence on food web dynamics
in a wide array of organisms and ecological systems [5,6–10].
However, the magnitude of predator-induced phenotypic change
and direction of the effect of trait-mediated interactions have been
inconsistent among studies and systems [5,10]. Indeed, a number
of studies have highlighted the context dependence of non-lethal
effects of predators on prey phenotype [11,12–18] and indirect
interactions with other members of the community [4,10].
Understanding the mechanisms that lead to different degrees of
phenotypic response to predators is an important step towards
understanding the context dependence of trait-mediated interac-
tions and for synthesizing and generalizing patterns within and
across study organisms and systems.
To effectively balance investment in morphological and
behavioral defenses while maintaining investment in other traits
(e.g. growth and development), organisms must assimilate in-
formation from the environment that accurately reflects both the
presence of predators and the relative risk that they impose
[12,17,19–21]. Organisms often use visual, chemical, auditory and
vibrational cues from predators, conspecifics, and other species to
identify an elevated risk of predation [22,23–29]. Chemical cues
are an important source of information about environmental
quality in both aquatic [23,30] and terrestrial systems [31,32] and
organisms are known to be able to detect and distinguish among
different species of predators [27,33–36], different predator diets
[30,37], predator density [17,18] and prey density [12,18]. Indeed,
consistent with theory [19,38] there is a growing evidence that
organisms use chemical cues to not only assess the presence of
predators, but also to determine the magnitude of risk posed by
those predators [12,13,17,18]. How organisms gauge the magni-
tude of risk posed by predators is, however, still not well
understood.
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Studies aimed at quantifying predator-induced defenses in
aquatic systems commonly attempt to control for variation in
chemical cue concentration (i.e., perceived predation risk) by
feeding caged predators a fixed biomass of prey [17,20,35].
However, per capita predation rate, the number (not biomass) of
prey consumed per predator per time, is often used as the metric of
relative risk [39] and is typically modeled as a function of predator
attack rate, handling time and prey density. Because the biomass
of prey consumed can increase in two manners–by increasing
either the number of individuals or the size of individuals
consumed–it is unclear if the biomass of prey eaten provides
information about per capita risk. Indeed, the number of prey
eaten should be a more relevant indicator of per capita risk. If that
is the case, maintaining a constant biomass to generate chemical
cues of predation risk, at the expense of a decreasing (as prey grow)
or variable number of prey consumed, may lead to unintended
systematic variation in perceived risk that is compounded through
time.
The objectives of this study were to determine the effects on
prey phenotype of controlling for biomass via the size versus the
number of prey consumed by predators. We test the predictions
that prey respond to chemical cues of predation in a dose
dependent manner, and that–as a more reliable indicator of risk–
prey respond more strongly to cues generated on a per capita
rather than a per biomass basis.
Materials and Methods
This research was conducted at the Smithsonian Tropical
Research Institute, Gamboa, Panama in summer 2011. All
necessary permits were obtained from Autoridad Nacional del
Ambiente de Panama´ to conduct this research in Panama (Permiso
No. SC/A-13-11) and from IACUC protocol approval (2011-
0616-2014-04). Our general design entailed manipulating cues of
a common predator (larval dragonfly, Anax amazili) by varying the
biomass of prey consumed (Agalychnis callidryas tadpoles) in one of
two ways and quantifying the short-term growth response of the
prey (duration: 8 days). Prey biomass consumed was manipulated
by either increasing the number of individuals (holding individual
prey size constant), or by holding the number of prey individuals
constant and varying individual prey size. Specifically, our
experiment had 3 treatments: 1) No predator, 2) variable number
of single sized prey (1, 4, 10, 20 hatchlings*d21) or 3) a single prey
d21 of variable sizes [size class (mean individual mass g 61 sd):
hatchling (0.02160.009), small (0.0860.019), medium
(0.1860.025) or large (0.3760.04)]. We provided the predators
varying amounts of prey to ensure we generated variation in cue
strength, but because predators did not always eat all prey
provided (see results) we quantified the actual biomass of prey
consumed by predators and used these values as a continuous
predictor of phenotypic response in our statistical analyses. The
average prey biomass fed to predators in treatments with single
and increasing numbers of prey spanned a similar range (single:
0.021–0.37 g, multiple: 0.021–0.42 g). Each cue treatment level
was replicated 9 times in 72 400 L mesocosms (0.7 m diameter
base, 0.9 m diameter mouth60.8 m high, with screened drain
holes at 0.75 m height) arrayed in a partially shaded field adjacent
to forest. Mesocosms were filled with a mix of rain water and aged
tap water 1–2 days prior to the start of the experiment and were
provided with sufficient leaf litter to cover the bottom (,50 large
leaves) and 2.0 g of Sera micron H powdered fish food. Each tank
received 10 focal tadpoles. Focal tadpoles were obtained from 24
clutches laid on 24 June at Experimental pond in Gamboa,
Panama. These clutches were maintained in the lab until we
induced hatching by submerging and manually stimulating
embryos at 6 days post-oviposition. Hatchlings (.1000 total) were
pooled then haphazardly allocated into groups of 10 that were
randomly assigned to replicates. All focal tadpoles were digitally
photographed in dorsal view in a shallow white tray containing
a ruler to quantify initial (1 July) and final (9 July) total length using
the program ImageJ [40].
All predator treatments contained two individually caged late
instar A. amazili nymphs [mean length (mm 61 sd) 29.4463.84,
N= 149]. Dragonflies were field collected by dip-net from Quarry
Pond in Gamboa on 28–30 June, fed 1 hatchling tadpole, then
starved until haphazardly assigned to treatments on 1 July. Cages
consisted of 475 ml plastic cups with a small hole punched in the
bottom and covered with screen (tulle) held on by elastic. Cups
were hung upside down from cross wires at the top of each
mesocosm by a clothes pin attached to the cup with screens 3–
5 cm below the waters’ surface and holes in the air.
Predators were fed daily. Treatments receiving the smallest size
class of prey were provided 6–7 d post-oviposition hatchlings from
clutches collected from Experimental Pond, first from same cohort
as focal tadpoles and then from clutches laid in subsequent days.
Tadpoles for treatments receiving larger prey were collected from
Experimental Pond each day and sorted visually into respective
size classes. For treatments receiving only 1 prey d21, we
alternated which dragonfly was fed. Concurrent studies of ours
with A. amazili and A. callidryas have demonstrated that unfed
predators have no effect on the growth of hatchling tadpoles and
that predator number has no effect independent of prey consumed
(J. R. Vonesh, K. M. Warkentin unpublished data). Any tadpoles
remaining in predator cages from the previous day were recorded
and removed, and partially consumed tadpoles were weighed, to
allow us to estimate actual prey biomass d21 versus simply biomass
provided. Predators that died or metamorphosed were replaced
(N= 20). At the start of the experiment dragonflies were digitally
photographed in dorsal view in a shallow white tray containing
a ruler for total length measurement. Replacement dragonflies and
feeder tadpoles were also photographed for length measurements.
Change in tadpole total length (i.e. growth) was used as the
phenotypic response variable in our analysis. We focused only on
total length because we have previously tested for morphological
plasticity of 8 different morphological traits commonly examined
in tadpoles in response to the chemical cues of predation risk from
5 different species of predators (including A. amazili), and found
total length to be the only trait in which a phenotypic response is
detectable (Vonesh, Touchon, Warkentin and McCoy unpub-
lished, and [41]). Moreover, total length is strongly correlated with
body mass (R2= 0.99, [41]) and therefore is a good metric of an
overall size response in this species.
To determine if there was a significant difference between the
growth rates of tadpoles exposed to chemical cues generated from
consumption of one versus multiple feeder tadpoles we first tested
for differences in the initial sizes (to insure there were no difference
in initial conditions) of tadpoles in our eight feeding regimes using
analysis of variance (none were detected–see results). To test for
differences in the magnitude of phenotypic responses induced by
predators fed one versus more than one prey we calculated the
percent difference in the growth of tadpoles in the two predator
treatment groups (predator fed 1 prey vs .1 prey) from the
average growth of tadpoles in the control (no predator) treatment.
We then fit Michaelis-Menton functions to these data using
maximum likelihood to estimate model parameters. Inferences
about treatment effects on model parameters were based on
Likelihood Ratio Tests (LRT). All statistical analyses were
performed in the R statistical programming environment [42]–
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maximum likelihood estimation was performed using the mle2
function in package bbmle [43]. For statistical analyses, model
assumptions and model fits were evaluated visually via examina-
tion of residuals and quantile plots (ANOVA) or likelihood profile
plots (maximum likelihood fits).
Results
There were no differences in the initial size of tadpoles among
treatments (TL (mm) 61 sd: 13.4660.58; F7,82 = 1.47, p= 0.19)
and all focal tadpoles survived. Consumption of cue tadpoles by
predators was high but varied (mean number of prey consumed
treatment21 d2161 sd: 1-Hatchling–160; 4-Hatchlings–
3.8960.13; 10-Hatchlings–8.5661.23; 20-Hatchlings–
14.161.86; 1-Small–0.9760.06; 1-Medium–0.9960.04; 1-
Large–0.8860.13). Thus, the range of prey biomass consumed
in predator cue treatments with single and increasing numbers of
prey were nearly identical (single: 0.021–0.37 g, multiple: 0.021–
0.38 g). Focal tadpoles were dramatically smaller with predator
cues and tadpole growth responses were asymptotically dependent
on biomass consumed (Mean final TL (mm) 61 sd: No Predator–
29.9462.66; 1-Hatchling–25.7161.71; 4-Hatchlings–
21.3162.25; 10-Hatchlings–19.961.443; 20-Hatchlings–
19.0761.18; 1-Small–21.6061.43; 1-Medium–21.0460.69; 1-
Large–21.0461.63).
Increasing the biomass of prey consumed by increasing prey size
and by increasing prey number did not affect tadpole growth in
the same way. Tadpoles reduced their growth as prey biomass
increased, but did so more strongly when prey number also
increased. Specifically, there was a significant effect of predator
feeding treatment on the asymptotic phenotypic effect size
(x2 = 5.32, p = 0.02), but not on the rate of increase in the
phenotypic effect size (x2 = 1.47, p = 0.23). The asymptotic
maximum effect size was 13% larger when tadpoles were reared
with predators fed multiple small prey than when reared with
predators fed 1 large tadpole (Figure 1).
Discussion
Adaptive phenotypic plasticity allows organisms to adjust
phenotype expression to match environmental conditions, and
these changes can be critical for survival [43–45]. Defenses
induced by natural enemies are a common form of adaptive
plasticity whose effects can propagate through food webs to
influence population and community dynamics via changes in
prey survival and performance (e.g. growth) [3,4,46]. Several
theoretical studies have suggested that organisms should respond
to fine scale changes in the risk environment and express graded
phenotypes that balance the risk of mortality with costs often
associated with induced phenotypes [19,21,38,45].
The most novel and potentially important finding of our study
was that increasing both the number and biomass of prey
consumed by predators induced a stronger phenotypic change
than did increasing the biomass of prey consumed alone. After
only 8 days tadpoles were 13% smaller when predators ate
multiple small prey than when predators ate a single large prey
each day, which translated into more than 2 mm difference in
total lengths. Given that it typically takes 35 days or longer for this
species to metamorphose [47], the compounding effects of this
difference could lead to substantial differences in survival and time
to and size at metamorphosis [34,41,47–49]. In fact, McCoy et al.
[41] demonstrated that with a less lethal dragonfly naiad predator
(Pantala flavescens), a 2 mm difference in size, like we find here,
produces more than a 5% difference in daily per capita survival.
Thus, the effects of different means of administering chemical cues
of predation has important implications for interpreting growth,
survival and demographic effects observed in risk assessment
studies. Ecologist need to carefully consider which methods were
used to control chemical cue concentrations when evaluating
existing studies of risk assessment and what method should be used
when conducting future experiments. Indeed, we are not aware of
any other studies that have controlled for both the biomass and
number of prey provided to predators to generate chemical cues of
predation. Commonly, investigators attempt to minimize variation
in chemical cues during an experiment by feeding predators
a constant biomass or constant number of prey. These approaches
assume either that the chemical cue used to assess predation risk is
determined by the biomass of prey eaten, or that the amount of
cue produced is independent of prey size, respectively. However,
our study shows that increasing the biomass of prey eaten while
holding number constant, and increasing both the biomass and
number of prey eaten, do not produce equivalent responses.
Although we found a significant decrease in the growth of tadpoles
as the biomass of prey consumed by predators increased, the
magnitude of this phenotypic response was significantly greater
when there was a simultaneous increase in the number of prey
consumed (Figure 1). Thus, many small prey are not equivalent to
few large prey. An experiment designed to compare the effects of
low and high cue concentrations that controls for biomass, but not
the number of prey used to generate cue, could produce
misleading results. For example, if ‘‘high cue’’ treatments consist
of large tadpoles and ‘‘low cue’’ treatments consist of small
tadpoles, one could observe lower or opposite than expected
differences in prey responses between the two treatments.
Similarly, unintended systematic variation in prey phenotypic
responses could be generated in longer-term experiments if
average feeder tadpole size increases through time and only
biomass of prey consumed is held constant. The effects of
Figure 1. Growth suppression of red-eyed treefrog (Agalychnis
callidryas) tadpoles through 8 days of exposure to indirect
chemical cues of predation from dragonfly nymph predators
(Anax amazili) fed different biomasses and numbers of A.
callidryas prey. The y-axis depicts percent growth reduction, which
reflects differences in the total lengths of tadpoles from the beginning
to the end of the experiment relative to the mean growth of tadpoles in
the predator-free controls. Thus larger values indicate greater reduc-
tions in growth. Growth suppression was dose-dependent and its
asymptotic magnitude was greater when predators ate multiple prey
than when they ate single prey of equivalent biomass.
doi:10.1371/journal.pone.0047495.g001
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controlling only the biomass of prey consumed by predators when
generating predation cues, without regard for the mechanism by
which biomass manipulated, could also have implications for
studies designed to assess relative sensitivity at different points
during ontogeny. For instance, controlling for only the biomass
[50] or the number [51] of prey consumed by predators could lead
to either lower or higher than intended cues of predation for focal
prey. These effects could be erroneously perceived as changes in
responsiveness of prey to predator cues at different times in
ontogeny.
One hypothesis for the discord between the between the effect
of increasing biomass consumed via numerical or size based
mechanisms is that the chemical cue that indicates predation
threat (kairomone) is located in the skin or other external tissues of
the tadpoles [52]. If this is the case, the surface area for a given
biomass increases as the number of prey increases. Alternatively,
the alarm cue may be a metabolite that scales with individual
metabolic rate in which case we might also expect the chemical
cue released by an individual to scale with body size in a similar
way as does mass-specific metabolic rate [53,54]. In either case,
small individuals would be expected to produce proportionally
more cue, for their mass, than do large individuals. Another
important way that adding more individuals at a constant biomass
could produce a stronger response is that the time course over
which prey are eaten could be greater and so the time course of
cue release may differ. For example, consumption of one large
prey results in one cue release event, whereas consuming 10
tadpoles with the same total biomass presumably results in 10 cue
release events which likely occur over a longer time frame resulting
in a more steady release of cue as prey are consumed in sequence.
Finally, the asymptotic effects of increasing prey consumed by the
predators may be the result of different mechanisms in the two
scenarios. For example, if the amount of cue that can be released
per prey were asymptotic with prey size then the asymptotic effects
would be driven by the amount of cue released in the single prey
scenario, and by the ability of the prey to respond in the multiple
prey scenario. Understanding the localized source, identity, rate of
release and persistence, as well as the scaling of alarm cues with
prey size will have important implications for understanding risk
assessment, and should be the focus of future research.
Although the identity of the specific chemicals and the
persistence of chemical cues used to assess predation threat are
largely unknown across systems, there are several steps that
experimentalists can take to minimize the potential confounding
effects of changing cue concentrations in experiments. First,
whenever possible, experiments should control for both the
biomass of prey as well as the number of prey eaten by predators
(or that are otherwise manipulated to generate cues of mortality
risk). When such controls are not possible, investigators should, at
a minimum, report both the biomass and number of prey used to
generate cue over the course of the experiment. A better
appreciation for how indirect cues of predation risk are produced
and used to assess risk will inform quantitative attempts to
synthesize the literature and generalize observations across studies
and systems via meta-analysis or other synthetic approaches. For
example, if the amount of cue released scales predictably with
body size then knowing the number and biomass of prey used
enables quantitative comparisons of phenotypic responses as
a function of cue concentration across studies. Currently, much
variation among studies in both the magnitude of phenotypic
responses observed as well as in the fitness consequences of those
responses could be driven by differences in actual and perceived
risk for prey. Reconciling this variation will have important
implications for both empirical and theoretical research. Most
predator-prey theory predicts per capita risk to prey to be
a function of number of prey consumed, while most studies of
predator-induced defenses have treated chemical cues of predation
risk either as being present/absent or as a function of biomass of
prey consumed by the predators. Thus, our finding that the
magnitude of phenotypic response to predation increased more
with more predation events may provide a critical link from data
on the magnitude of phenotypic responses and their fitness
consequences to models designed to predict the long-term
population dynamic consequences of induced defenses.
Acknowledgments
We thank the Autoridad Nacional del Ambiente de Panama´ for permission
to conduct this research in Panama (Permiso No. SC/A-13-11) and the
Smithsonian Tropical Research Institute for use of their facilities, logistical
support and IACUC protocol approval (2011-0616-2014-04). We thank S.
Abinette, E. Cayron, J. Charbonnier, K. Cohen, J. Delia, R. Jimenez, R.
Komosinski, M. J. Salica, and S. Wheat, for help with the experiment and
K. Grayson and S. Abinette for making helpful comments that improved
the manuscript.
Author Contributions
Conceived and designed the experiments: MWM JCT TL KMW JRV.
Performed the experiments: JCT TL KMW JRV. Analyzed the data:
MWM JRV. Wrote the paper: MWM JCT TL KMW JRV.
References
1. Altwegg R, Reyer HU (2003) Patterns of natural selection on size at
metamorphosis in water frogs. Evolution 57(4): 872–882.
2. Pangle KL, Peacor SD (2006) Non lethal effect of the invasive predator
Bythotrephes longimanus on Daphnia mendotae. Freshwater Biology 51(6):
1070–1078.
3. Abrams PA, Menge BA, Mittelbach GG, Spiller D, Yodzis P (1996) The role of
indirect effects in food webs. Food webs: integration of patterns and dynamics:
371–395.
4. Bolker B, Holyoak M, Krivan V, Rowe L, Schmitz O (2003) Connecting
theoretical and empirical studies of trait-mediated interactions. Ecology 84(5):
1101–1114.
5. Benard MF (2004) Predator-induced phenotypic plasticity in organisms with
complex life histories. Annual Review of Ecology Evolution and Systematics 35:
651–673.
6. Kats LB, Dill LM (1998) The scent of death: Chemosensory assessment of
predation risk by prey animals. Ecoscience 5(3): 361–394.
7. Lima SL (1998) Stress and decision making under the risk of predation: Recent
developments from behavioral, reproductive, and ecological perspectives. Stress
and Behavior. 215–290.
8. Relyea RA (2003) How prey respond to combined predators: A review and an
empirical test. Ecology 84(7): 1827–1839.
9. Tollrian R, Harvell CD (1999) The Ecology and Evolution of Inducible
Defenses. Princeton, NJ: Princeton University Press.
10. Werner EE, Peacor SD (2003) A review of trait-mediated indirect interactions in
ecological communities. Ecology 84(5): 1083–1100.
11. Anholt BR, Werner EE (1995) Interaction between food availability and
predation mortality mediated by adaptive-behavior. Ecology 76(7): 2230–2234.
12. McCoy MW (2007) Conspecific density determines the magnitude and character
of predator-induced phenotype. Oecologia 153(4): 871–878.
13. Peacor SD, Werner EE (2004) Context dependence of nonlethal effects of
a predator on prey growth. Israel Journal of Zoology 50(2–3): 139–167.
14. Relyea RA (2004) Fine-tuned phenotypes: Tadpole plasticity under 16
combinations of predators and competitors. Ecology 85(1): 172–179.
15. Teplitsky C, Plenet S, Joly P (2005) Costs and limits of dosage response to
predation risk: to what extent can tadpoles invest in anti-predator morphology?
Oecologia 145(3): 364–370.
16. Turner AM (2004) Non-lethal effects of predators on prey growth rates depend
on prey density and nutrient additions. Oikos 104(3): 561–569.
17. Van Buskirk J, Arioli M (2002) Dosage response of an induced defense: How
sensitive are tadpoles to predation risk? Ecology 83(6): 1580–1585.
18. Wiackowski K, Staronska A (1999) The effect of predator and prey density on
the induced defence of a ciliate. Functional Ecology 13(1): 59–65.
Indirect Cues of Predation Risk
PLOS ONE | www.plosone.org 4 October 2012 | Volume 7 | Issue 10 | e47495
19. Peacor SD (2003) Phenotypic modifications to conspecific density arising from
predation risk assessment. Oikos 100(2): 409–415.
20. Schoeppner NM, Relyea RA (2009) Interpreting the smells of predation: how
alarm cues and kairomones induce different prey defences. Functional Ecology
23(6): 1114–1121.
21. Riessen HP (1992) Cost-Benefit Model for the Induction of an Antipredator
Defense. American Naturalist 140(2): 349–362.
22. Brown GC, Chivers DP, Smith RJF (1997) Differential learning rates of
chemical versus visual cues of a northern pike by fathead minnows in a natural
habitat. Environmental Biology of Fishes 49: 89–86.
23. Chivers DP, Smith RJF (1998) Chemical alarm signalling in aquatic predator-
prey systems: a review and prospectus. Ecoscience 5(3): 338–352.
24. Dicke M, Grostal P (2001) Chemical detection of natural enemies by arthropods:
an ecological perspective. Annual Review of Ecology and Systematics: 1–23.
25. Schmidt A (2006) Non additivity among multiple cues of predation risk:
a behaviorally driven trophic cascade between owls and songbirds. Oikos 113(1):
82–90.
26. Seyfarth RM, Cheney DL, Marler P (1980) Monkey responses to three different
alarm calls: evidence of predator classification and semantic communication.
Science 210(4471): 801.
27. Vonesh JR, Warkentin KM (2006) Opposite shifts in size at metamorphosis in
response to larval and metamorph predators. Ecology 87(3): 556–562.
28. Warkentin KM (2005) How do embryos assess risk? Vibrational cues in
predator-induced hatching of red-eyed treefrogs. Animal Behaviour 70: 59–71.
29. Warkentin KM, Caldwell MS (2009) Assessing risk: embryos, information, and
escape hatching. In: R D, M RJ, editors. Cognitive ecology II: the evolutionary
ecology of information processing and decision-making. Chicago: University of
Chicago Press. 177–200.
30. Schoeppner NM, Relyea RA (2005) Damage, digestion, and defence: the roles of
alarm cues and kairomones for inducing prey defences. Ecology Letters 8(5):
505–512.
31. Orrock JL, Danielson BJ, Brinkerhoff RJ (2004) Rodent foraging is affected by
indirect, but not by direct, cues of predation risk. Behavioral Ecology 15(3): 433.
32. Storm JJ, Lima SL (2008) Predator-naive fall field crickets respond to the
chemical cues of wolf spiders. Canadian Journal of Zoology 86(11): 1259–1263.
33. Iyengar EV, Harvell CD (2002) Specificity of cues inducing defensive spines in
the bryozoan Membranipora membranacea. Marine Ecology Progress Series
225: 205–218.
34. McCoy MW, Bolker BM (2008) Trait-mediated interactions: influence of prey
size, density and experience. Journal of Animal Ecology 77(3): 478–486.
35. Relyea RA (2001) Morphological and behavioral plasticity of larval anurans in
response to different predators. Ecology 82(2): 523–540.
36. Touchon JC, Warkentin KM (2008) Fish and dragonfly nymph predators induce
opposite shifts in color and morphology of tadpoles. Oikos 117(4): 634–640.
37. Laurila A, Kujasalo J, Ranta E (1997) Different antipredator behaviour in two
anuran tadpoles: effects of predator diet. Behavioral Ecology and Sociobiology
40(5): 329–336.
38. Lima SL, Bednekoff PA (1999) Temporal variation in danger drives antipredator
behavior: The predation risk allocation hypothesis. American Naturalist 153(6):
649–659.
39. Relyea RA (2001) The relationship between predation risk and antipredator
responses in larval anurans. Ecology 82(2): 541–554.
40. Abramoff MD, Magelhaes PJ, Ram SJ (2004) Image Processing with ImageJ.
Biophotonics International 11(7): 36–42.
41. McCoy MW, Bolker BM, Warkentin KM, Vonesh JR (2011) Predicting
Predation through Prey Ontogeny Using Size-Dependent Functional Response
Models. The American naturalist 177(6): 752–766.
42. R Development Core Team (2006) R: A language and environment for
statistical computing. Austria: R Foundation for Statistical Computing.
43. Bolker BM (2012) bbmle: Tools for general maximum likelihood estimation.
R package version 1.0.4.1: http://CRAN.R-project.org/package = bbmle.
44. Scheiner SM (1993) Genetics and Evolution of Phenotypic Plasticity. Annual
Review of Ecology and Systematics 24: 35–68.
45. Via S, Gomulkiewicz R, Dejong G, Scheiner SM, Schlichting CD, et al. (1995)
Adaptive phenotypic plasticity - consensus and controversy. Trends in Ecology &
Evolution 10(5): 212–217.
46. Preisser EL, Bolnick DI, Benard MF (2005) Scared to death? The effects of
intimidation and consumption in predator-prey interactions. Ecology 86(2): 501–
509.
47. Touchon JC, McCoy MW, Vonesh JR, Warkentin KM (in review) Effects of
hatching plasticity carry over through metamorphosis in red-eyed treefrogs.
Ecology.
48. Mittelbach GG (1981) Foraging Efficiency and Body Size - a Study of Optimal
Diet and Habitat Use by Bluegills. Ecology 62(5): 1370–1386.
49. Werner EE, Gilliam JF (1984) The ontogenetic niche and species interactions in
size structured populations. Annual Review of Ecology and Systematics 15: 393–
425.
50. Relyea RA (2003) Predators come and predators go: the reversibility of predator-
induced traits. Ecology 84(7): 1840–1848.
51. Laurila A, Jarvi-Laturi M, Pakkasmaa S, Merila J (2004) Temporal variation in
predation risk: stage-dependency, graded responses and fitness costs in tadpole
antipredator defences. Oikos 107(1): 90–99.
52. Fraker ME, Hu F, Cuddapah V, McCollum SA, Relyea RA, et al. (2009)
Characterization of an alarm pheromone secreted by amphibian tadpoles that
induces behavioral inhibition and suppression of the neuroendocrine stress axis.
Hormones and behavior 55(4): 520–529.
53. Brown JH, Gillooly JF, Allen AP, Savage VM, West GB (2004) Toward
a metabolic theory of ecology. Ecology 85(7): 1771–1789.
54. Brown JH, West GB (2000) Scaling in Biology.
Indirect Cues of Predation Risk
PLOS ONE | www.plosone.org 5 October 2012 | Volume 7 | Issue 10 | e47495
